With increasing concentration, the grafted polymers showed an increased ability to lyse cell membranes and caused noticeable membrane disruption at physiological pH.
Introduction
Advances in genomics and proteomics have enabled the development of biomacromolecular drugs (e.g. nucleic acids and proteins) with potential for the treatment of a wide variety of diseases [1] . Amongst other problems, their clinical applications may be impaired by degradation by lysosomal enzymes during uptake into cells [2, 3] . In order to achieve efficient intracellular delivery of such drugs, delivery systems are required that facilitate their release into the cytoplasm by destabilising endosomal membranes under mildly acidic conditions (pH 5.0-6.8) [4, 5] .
FITC-labelled polymers were purified by dialysis against deionised water and then lyophilised. A low level of labelling was selected here to avoid significant modulation of the polymer properties and fluorescence quenching.
Haemolysis assay
Membrane-lytic activity of the polymers was examined by haemolysis assay [38] .
Phosphate buffers (100 mM) in the pH range of 5.0-7. 4 and citrate buffers (100 mM) in the pH range of 4.0-5.0 were prepared to be isosmotic to the inside of an RBC and caused negligible haemolysis. Polymer solutions were prepared at required concentrations in the buffers at specific pHs and allowed to equilibrate for 48 h before use. Sheep RBCs were washed three times with NaCl aqueous solution (150 mM) and resuspended in the polymer solutions to achieve a final RBC concentration within the range of 1-2 × 10 8 RBCs mL -1 . Two controls were prepared by resuspending RBCs either in buffer alone (negative control) or in deionised water (positive control). Each test was performed in triplicate. The samples were incubated in a waterbath at 37 C for various periods up to 2 h, and then centrifuged at 4000 rpm for 4 min. The absorbance of the supernatant from each sample was measured at 541 nm using a Spectronic UV1 spectrophotometer (Thermo Fisher Scientific, USA), and the percentages of haemolysis were determined. It has been demonstrated that the absorbance of haemoglobin solution was proportional to the number of lysed RBCs up to a concentration of 2.64 × 10
HeLa adherent epithelial cells (human cervical cancer cells) were grown in RPMI-1640 medium supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 100 U mL -1 penicillin and 100 g mL -1 streptomycin unless specified otherwise. The HeLa cells were trypsinised using trypsin-EDTA and maintained in a humidified incubator with 5% CO 2 at 37 C.
Propidium iodide fluorescence assay
The cytotoxic effect of the polymers was evaluated using a propidium iodide fluorescence assay [41] . 0.5 mL of HeLa cells in DMEM supplemented with 10% (v/v) FBS, 100 U mL -1 penicillin and 100 g mL -1 streptomycin (6 × 10 4 cells mL ). After 48 h, the polymer containing medium was removed, and the cells were rinsed with D-PBS. Subsequently, trypsin-EDTA was added at 0.5 mL per well to detach cells from the growth surface followed by dilution with 0.5 mL of complete DMEM, and the cells were centrifuged to pellet. Supernatant was aspirated and the cells were resuspended in 0.5 mL of D-PBS containing 1.0 g mL -1 propidium iodide.
The stained cells were incubated on ice for 30 min, and then analysed with a Vantage SE flow cytometer and CellQuest software (BD Biosciences, USA). Each test was performed in triplicate .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 inverted laser scanning confocal microscope (Olympus, Japan). The excitation and emission wavelengths were 480 and 530 nm respectively.
Release of calcein from intracellular vesicles
Calcein (a membrane-impermeable fluorophore) was used as a tracer molecule to monitor the effect of the polymers on internalised vesicles. 2 mL of HeLa cells (1-2 × 10 5 cells mL -1 ) were cultured for 24 h in a 35 mm glass-bottom culture dish (MatTek, USA), followed by the treatment with 2 mL of serum and phenol red free medium containing 0.22 m filter-sterilised 2.0 mg mL -1 calcein in the absence or presence of the polymer (these solutions were titrated to pH 7.4 using 0.1 M NaOH). After being incubated for 30 min at 37 C, the cells were washed three times with D-PBS and then incubated with serum and phenol red free medium for 3.5 h at 37 C. inverted laser scanning confocal microscope (Olympus, Japan). The excitation and emission wavelengths were 488 and 535 nm respectively.
Results and discussion

Cell membrane disruption
pH-dependent haemolysis
The effect of grafting poly(L-lysine iso-phthalamide) with hydrophobic amino ( Fig. 2) . The pH range of 7.4-4.6 mimics the environment encountered during intracellular trafficking through early endosomes, late endosomes and lysosomes [4, 5] .
As shown in Fig. 2 , in the presence of poly(L-lysine iso-phthalamide) no haemolytic activity was detected within the pH range studied. PV-75 showed a marginal increase in haemolysis compared to the unmodified polymer. PL-75 and PP-75 were almost non-haemolytic at pH 7.4, but their haemolytic activity increased considerably with decreasing pH, reaching maximum degrees of haemolysis of 54 and 90% respectively at pH 6.5, within the pH range characteristic of early endosomes (pH 6.0-6.8) [4, 5] .
In the early endosomal pH range the ranking of haemolytic activity amongst the polymers was poly(L-lysine iso-phthalamide) < PV-75 < PL-75 < PP-75. This ranking activity (23%) compared to the parent poly(L-lysine iso-phthalamide) (14%), with a concomitant marked increase in the pH corresponding to the maximum degree of haemolysis from 4.8 to 6.5 due to grafting with hydrophobic L-valine. PP-75 and PL-75 had a similar haemolytic profile, displaying maximum degrees of haemolysis (83-94%) over the pH range of 6.5-7. 4 . It has been similarly reported by Thomas et al. 
Concentration-dependent haemolysis
The relative haemolytic activity of PV-75, PL-75 and PP-75 at pH 6. , and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 reached the degree of haemolysis of 90% at about 250 and 100 g mL -1 respectively.
Comparatively, PP-75 was 11-fold more efficient than PL-75 and 35-fold more efficient than melittin at membrane disruption on a molar basis. Thomas et al. [22] has reported a similar observation for the membrane-lytic activity of poly( -ethylacrylic acid) and argued that increasing polymer concentration can enhance the driving force for migration of polymer molecules to lipid bilayer membranes, resulting in an increase in membrane destabilisation.
Time-dependent haemolysis
The kinetics of haemolytic activity of poly(L-lysine iso-phthalamide) and PP-75
were determined at pH 6.5. As seen in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 be trafficked from early endosomes to lysosomes within several hours [14] . The significantly improved kinetics of haemolytic activity of PP-75 enables the polymer to disrupt endosomal membranes before the vesicular evolution from endsomes to lysosomes, a feature critical for potential drug delivery applications.
Mechanism of cell membrane disruption
The sheep RBC count was performed using a haemocytometer to investigate the mechanism of haemolysis by the hydrophobically modified polymers. The ) at pH 6.5 (Fig. 7) . D-glucose (180 Da), mPEG-5000 (5k Da) and PEG-10000 (10k Da) were added separately to a buffered suspension of RBC at the concentration of 10 mM, below the range at which these solutes alone could induce haemolysis due to osmotic pressures. As shown in Fig. 7a , intercalation, resulting in strong red fluorescence [41] . . PL-75 was cytotoxic at the concentration above 500 g mL -1 , with the IC 50 (defined as the concentration at which 50% of cell growth is inhibited relative to non-treated control cells) between 1000 and 2000 g mL -1 . PP-75 almost had no cytotoxic effect at the concentration 50 g mL . A similar concentration effect of poly( -ethylacrylic acid) has shown that the higher concentrations can drive more polymer molecules to the membrane surface regardless of the electrostatic repulsion effect at physiological pH and cause destabilisation of lipid bilayer membranes due to reorgnisation and expansion of the membranes [22] .
The ranking of IC 50 amongst the polymers was poly(L-lysine iso-phthalamide) > PL-75 > PP-75, indicating that at the same degree of grafting, L-phenylalanine derivatisation results in a more cytotoxic polymer.
Release of endocytosed materials from intracellular vesicles
The high efficiency of the hydrophobically modified polymers in disrupting erythrocyte membranes within the pH range characteristic of early endosomes has prompted an evaluation of the ability of PP-75 to release endocytosed materials into the cytoplasm of HeLa cells. Fig. 9 shows the subcellular localisations of the poly(L-lysine iso-phthalamide), a small amount of green fluorescence was released into the cytoplasm, whilst a large number of bright intact vesicles still existed (Fig.   10b ) [47] . Uptake of 0.025 mg mL -1 PP-75 resulted in a similar calcein-release profile to the parent polymer at 1.0 mg mL -1 , but caused stronger diffuse staining (Fig. 10c) .
As the concentration of PP-75 was increased to 0.1 mg mL -1 , uniform fluorescence throughout the cells was observed, with disappearance of bright punctate vesicles (Fig.   10d ). The significantly efficient release of endocytosed materials into the cytoplasm through PP-75-mediated vesicular membrane disruption is consistent with the haemolysis results and indicates the potential applications of the hydrophobically modified polymers in cytoplasmic drug delivery. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 relative to the carboxylic acid groups along the backbone of poly(L-lysine iso-phthalamide).
Conclusions
b Degree of substitution, defined as the number of amino acid grafts per 100 carboxylic acid groups and determined by 1 H-NMR in d 6 -DMSO at room temperature.
c Calculated based on the weight percentage of amino acid grafts (wt%) and the M n of poly(L-lysine iso-phthalamide) determined by GPC. 
